Abstract This study aimed to assess the effect of correcting for the impact of heart rate (HR) or ejection time (ET) on myocardial velocities in the long axis in piglets undergoing hypoxia. The ability to eject a higher volume at a fixed ET is a characteristic of contractility in the heart. Systolic velocity of the atrioventricular annulus displacement is directly related to volume changes of the ventricle. Both ET and systolic velocity may be measured in a single heartbeat. In 29 neonatal pigs, systolic velocity and ET were measured with tissue Doppler techniques in the mitral valve annulus, the tricuspid valve annulus, and the septum. All ejection time corrected velocities (S (ET) , mean ± SEM, cm/s) decreased significantly during hypoxia (S mva(ET) 15.5 ± 0.2 to 13.2 ± 0.3 (p \ 0.001), S septal(ET) 9.9 ± 0.1 to 7.8 ± 0.2 (p \ 0.001), S tva(ET) 12.1 ± 0.2 to 9.8 ± 0.3 (p \ 0.001)). The magnitude of change from baseline to hypoxia was greater for ejection time corrected systolic velocities than for RR-interval corrected velocities (mean ± SEM, cm/s); DS mva(ET) 2.3 ± 2.0 vs. DS mva(RR) 1.6 ± 1.1 (p = 0.02), DS septal(ET) 2.1 ± 1.0 vs. DS septal(RR) 1.6 ± 1.0 (p \ 0.01), DS tva(ET) 2.3 ± 1.1 vs. DS tva(RR) 1.8 ± 1.3 (p = 0.04). The receiver operator characteristic (ROC) showed superior performance of S (ET) compared with uncorrected velocities. The decrease in S (ET) during hypoxia was not influenced by important hemodynamic determinants. ET-corrected systolic velocity improves accuracy and decreases variability in the evaluation of systolic longitudinal function and contractility during global hypoxia in neonatal pigs compared with systolic velocity alone. It is robust toward hemodynamic changes. This novel method has the potential of becoming a useful tool in clinical practice.
Introduction
The systolic velocity of mitral valve annulus (MVA) displacement reflects the rate of volume reduction during systole [4, 5] . Heart rate (HR) determines ejection time (ET) and hence the systolic ejection interval in which the displacement occurs. Ejection of a higher volume within a fixed interval necessitates a higher rate of volume reduction or MVA displacement after increased cardiac output (CO) at a higher HR. ET is stable relative to HR throughout childhood [6] . However, in the childhood population, body size is a stronger determinant of systolic velocity than HR, indicating the importance of heart size as a determinant factor for systolic velocity [9, 10, 12, 14, 15, 17, 24, 25] . The changes in systolic velocity with growth are explained by differences in the allometric scaling of stroke volume and ET to body size [3, 7, 22 ]. An important feature of myocardial contractility is the ability of the cardiac myocardium to increase the velocity of contraction and thereby eject a higher volume at a shorter interval [28] . During hypoxia the opposite may occur [18] . The myocardial performance index is one example of an index that, among other parameters, incorporates the ET interval [26] . This indicates that both ET and stroke volume are important determinants of systolic velocity and that both change with contractility and allometrically to body size [22] . Knowing the relation toward each may allow for correction of the parameter to allow independent comparison. With tissue Doppler imaging techniques, both ET and systolic velocity may be assessed within a single heartbeat [1] . The aim of this study was to evaluate the effect of correcting systolic myocardial velocities for either ET or HR in an animal model. Neonatal pigs were chosen because of the relative similar size of the study subjects. We wanted to study whether the corrected parameters perform better than the uncorrected ones in describing changes in contractility that occur during hypoxia. We also wanted to look at how HR, systolic blood pressure (SBP), and left and right ventricular end diastolic diameter relate to peak systolic velocity and if the changes in hemodynamic parameters have any impact on tissue velocities.
Materials and Methods

Animals
Twenty-nine newborn Noroc pigs were included in the study Their weight was 1764 ± 161 (mean ± SD) and inclusion criteria were age 12-36 h, hemoglobin values [5 g/dl, and good general condition. Anesthesia was induced by sevoflurane 5% (Sevorane; Abbott); pentobarbital sodium (20 mg/kg) and fentanyl (50 lg/kg) were given intravenously as a bolus injection before instrumentation. Anesthesia was maintained by a continuous infusion of fentanyl (50 lg/kg/h) and midazolam (0.25 mg/ kg/h; IVAC P2000 infusion pump). When necessary, a bolus of fentanyl (10 lg) or midazolam (1 mg) was added. The experimental protocol was approved by the hospital's Ethics Committee for Animal Studies under surveillance of the Norwegian Animal Experimental Board. The animals were cared for and handled in accordance with the European Guidelines for Use of Experimental Animals.
Study Protocol
Baseline was defined as the period 1 h after initial instrumentation and before introduction of hypoxia. The animals underwent hypoxia until base excess reached -20 mmol/l or mean arterial BP decreased \20 mmHg, as previously described by Munkeby et al. [16] . The animals were subsequently reoxygenated. Echocardiographic examination was performed at baseline, during hypoxia, and after reoxygenation. Velocities were assessed during ejection (S) in the septal and lateral parts of the MVA and in the lateral part of the TVA. A hemodynamic patent ductus arteriosus was excluded by echocardiography in all animals.
Tissue Doppler Imaging
Echocardiography was performed using a commercial available system (Vivid 7, GE Vingmed Ultrasound AS, Horten, Norway). A 10-MHz probe was chosen for imaging. All measurements are the average of three consecutive heartbeats. The temporal resolution was considered adequate with [60 frames/heartbeat. Spatial resolution was considered satisfactory when the annulus of interest in the apical four-chamber view was just within the image at end diastole. The depth and width were chosen to be as small as possible. The transducer was aligned parallel to the lateral wall and the septum to decrease angle failure by the Doppler technique. The Nyquist limit was set to 15 cm/s. Postprocessing was performed in the Q-analyzes mode with Echopac 6.0 software from GE without averaging of the curves. The region of interest (ROI) was chosen to be 4 9 4 mm with a 0°angle. It was placed just below the atrioventricular valve insertion in the annulus in the right lateral, the septal, or the left lateral position in the fourchamber view at the onset of the electrocardiogram (ECG). To track the tissue during the displacement of the annulus, the ROI was adjusted to fit with the MVA during isovolumic relaxation. The ROI was slightly repositioned to decrease artifacts if they occurred. ECG scans were obtained and stored together with the images. ET was extracted from the tissue velocity curve as the first deflection of the ejection curve to the first deflection of the isovolumic relaxation curve (Fig. 1) [1, 27] . Dimensions were measured in M-mode from the short-axis view.
Hemodynamic Measurements
An arterial end-hole single-lumen catheter was inserted through the femoral artery and advanced 8 cm into the artery for positioning in the descending aorta. Systolic and diastolic BP was measured with the Biopac MP150 acquisition system (Biopac Systems). Cardiac output was calculated based on two-dimensional echocardiographic images according to the biplane Simpsons method. Right and left ventricular enddiastolic and -systolic dimensions (right-ventricular enddiastolic diameter [RVEDD] , left-ventricular end-diastolic diameter [LVEDD] , and left-ventricular end-systolic diameter [LVESD], respectively) were calculated based on M-mode imaging in the parasternal long-axis projection. Systemic vascular resistance (SVR) was calculated from mean arterial BP divided by CO.
Correcting for ET and Cardiac Cycle Length Interval
Correction for the impact of time interval on systolic myocardial velocities was performed with the beta coefficient from the slope of the mean linear regression line between the systolic tissue Doppler velocities (S) and time intervals (ejection time, ET) at baseline ( Table 1 ). The new parameter (constant, k) was solved according to the formula for linear relation (Eq. 1):
Which gives the following equation for the corrected parameter Eq. 2:
The parameter estimate (b) is known from baseline regression analyses. b indicates the magnitude and directional change in the tissue Doppler parameter for a 1-unit increase in the time interval variable. The corrected parameter is constructed by subtracting the value accounted for by the change in time interval based on the known relation, b, between the two parameters. The corrected parameter represents the estimated value at the Y-intercept of the mean linear regression. We did not have any indications of a nonlinear relation in this study, although there might be a nonlinear relation over a wider range of cyclic intervals [22] . The corrected velocities, ET and cardiac cycle length, respectively, are noted with subscript (ET or cardiac cycle length (RR)), to indicate which time interval was used.
Statistics
The statistical package SPSS 14.0.0 for Windows were used for analyses. The b coefficient describing the slope of the mean regression line, b, was calculated using linear regression. To differentiate the performance of the corrected from the uncorrected parameters in detecting hypoxic myocardium in this model, ROC were analysed. We included animals at baseline and during hypoxia and defined acquisitions performed during hypoxia as the state variable. ROC curves for paired samples were analyzed according to the methods of Hanley et al. and expressed as area under the curve (AUC) ± SEM [11] . Linear mixed models with Bonferroni correction were used to assess the effects of change in experimental state (baseline, hypoxia, and reoxygenation) as well as the impact of hemodynamic determinants on the corrected and uncorrected tissue Doppler parameters in the pooled data set. For optimal model fit, unstructured covariance matrix was chosen as a covariance structure in the mixed model. Comparison of absolute decrease in velocity between uncorrected and corrected values was analyzed with two-tailed paired Student t test. Unless otherwise stated, values are reported as means ± SEMs. Significance was accepted when p \ 0.05. The investigators had full access to and take full responsibility for the integrity of the data.
Results
Correction of ET and RR Interval
Both the ET and RR interval was correlated with systolic velocities as listed in Table 1 . The effect of time interval correction on the systolic velocity parameters are listed in Table 2 , which shows a general increase in the absolute numbers with a relative decrease in SE after correction, which was evident for all experimental stages. All ejection time corrected velocities (S (ET) , mean ± SEM, cm/s) decreased significantly during hypoxia (S mva(ET) 15.
. The magnitude of change from baseline to hypoxia was greater for ejection time corrected systolic velocities than for RR-interval corrected velocities (mean ± SEM, cm/s); DS mva(ET) 2.3 ± 2.0 vs. DS mva(RR) 1.6 ± 1.1 (p = 0.02), DS septal(ET) 2.1 ± 1.0 vs. DS septal(RR) 1.6 ± 1.0 (p \ 0.01), DS tva(ET) 2.3 ± 1.1 vs. DS tva(RR) 1.8 ± 1.3 (p = 0.04) (Fig. 2) . A good correlation was found between ET and RR ( Linear regression between time intervals and velocities showed a strong correlation for MVA. The same correlation was apparent but weaker for the septum and the TVA (Fig. 4a) . The correlation between ET and systolic velocity was better with septal velocities than the correlation with the RR interval. Both S mva and S septal were better correlated with ET than S tva , both at baseline and after reoxygenation. We did not find any correlation between ET and LVEDD at any stage during the study. 
Hemodynamic and Biochemical Parameters
The most prominent change in hemodynamic parameters from baseline to hypoxia was the change in systolic BP, which decreased [50% (Table 3) . ET and LVEDD decreased to lower values, whereas RVEDD increased during hypoxia. LVESD and CO did not change. There were significant changes in systemic vascular resistance from baseline to both hypoxia and after reoxygenation. Postischemic responses consisted of increased HR, which was reflected in decreased HR and ET compared with baseline values. SBP did not reach baseline values after reoxygenation. Lactate and pH changed as expected in the experimental model.
Age and Weight
There were significant (p \ 0.05) correlations between S mva , S septal , and postnatal age and between S mva and weight. However, the only corrected parameter associated with age or weight was S mva(RR) (vs. weight R 2 = 0.2, p = 0.03).
Multivariate Linear Mixed-Models Analysis Table 4 lists results of the systolic velocities when SBP, HR, and LVEDD/RVEDD were included as hemodynamic determinants in multvariate linear mixed-model analyses (respectively, on S mva /S septal and S tva ). The impact of hypoxia on ET-corrected systolic velocities was still significant after correcting for the hemodynamic determinants (Table 4) . For S septal(ET) and S tva(ET) , the impact of hypoxia consisted of a significant change from baseline to hypoxia and from hypoxia to postreoxygenation, whereas S mva(ET) changed significantly from hypoxia to postreoxygenation (Table 4) . RVEDD was used in the model of velocities in the TVA.
Discussion
This study shows that much variability is eliminated, and accuracy gained, by correcting systolic velocity for impact of the ET. ET-corrected systolic velocities are less influenced by hemodynamic parameters. The effect of correcting for ET is an overall increase of the absolute value because of the negative correlation to systolic velocities; hence, there is a higher Y-intercept of the mean regression line (Eq. 2). Additional effects include decreased SD. This is reflected in higher sensitivity and specificity in the ROC curve analyses. The increase in accuracy with correction may be explained by elimination of the influence of ET on the tissue velocities. The difference between cycle length (RR) correction and ET correction may be explained by the closer causal relation between ET and systolic velocities and the more parallel phenomenon of a decrease in RR with ET (Fig. 3) . The RR interval incorporates diastolic events as well. We did not find any correlations between ET and LVEDD or RVEDD, which enhances the point of including ET in the model as an independent determinant of systolic velocities. The decrease in corrected tissue velocities during hypoxia represents a decrease in velocity relative to the time period in which a certain velocity would be expected. Any change in the relation between ET and systolic velocity may therefore be considered as a change in contractility. ET-corrected systolic velocity may therefore be viewed as a ''normalized'' contractility parameter at a given individual heart size. The small changes in systolic tissue velocities seen in this study during hypoxia underline the important impact of the counter-regulating hemodynamic mechanisms, which may also affect myocardial motion. As systolic BP decreased and HR increased, no changes were seen in CO, indicating decreased systemic resistance. Correcting systolic tissue Doppler velocities for ET and HR compensates for one important parameter determining CO in the neonate during hypoxia. Published z-scores from normal materials in children are hampered with dispersion, which makes the method of evaluating systolic velocities impractical for clinical use [24] . The dispersion seen in these materials could be the result of differences in resting hemodynamics and size heterogeneity within in each age group. It is difficult to determine which is more important. In some studies, age and body size were stronger predictors of systolic velocity than HR, whereas others have reported stronger effects of HR [9, 14, 21] . The influence of body size described by other investigators could not be reproduced in this study [9] . Our data are characterized by a relative homogeneity toward weight and a relative heterogeneity toward HR and ET. In this way, changes in systolic velocity in this study is more related to HR than to size of the heart. The relation at baseline between HR, ET, and systolic velocity was not influenced by heart size as determined by statistical analyses. ET-corrected parameters seem robust toward the small changes in age and weight seen in this study.
The results of our study, however, support the concept of allometric scaling. Changes related to body size may be explained by different allometric scaling of ET and stroke volume [3, 7, 22] . Differences in individuals with similar heart size may be explained by differences in HR. The article from Quintana et al. showed how velocity increases with HR and how this effect is attenuated by b blockade [23] . They showed a clear effect of less increase in systolic velocity relative to ET as a response to b blockade.
Multivariate Linear Mixed-Model Analysis
By accounting for the changes caused by HR and surrogate markers of preload (LVEDD/RVEDD) and afterload (SBP) in the multivariate linear mixed-model analyses, velocity changes caused by a change in state (baseline, hypoxia, postreoxygenation) were dissected. The hemodynamic variables accounted for all of the changes seen in uncorrected systolic velocities. For the ET-corrected parameters, the influence of hypoxia was still significant after correcting for hemodynamic determinants. Hypoxia did influence either the change from baseline to hypoxia or from hypoxia to postreoxygenation (Table 3 ). This underlines the independent ability of ET-corrected velocity to reflect myocardial longitudinal function. SBP was the only parameter that significantly explained changes in ET-corrected velocities, interestingly only in the septum, which is in concordance with previously published results [20] .
Hemodynamics
In this model, RVEDD increased; LVEDD decreased together with SBP and SVR during hypoxia; and CO did not change. This indicates that the expected pulmonary hypertension and right-ventricular dysfunction during hypoxia is followed by decreased right-ventricular output with increased right-ventricular end-diastolic pressure. This increase in preload on the right side is opposite to the hemodynamics on the left side, i.e., decreased preload and subsequently low CO from the left ventricle with inadequate filling of the systemic circulation and decreased vascular resistance with low systolic BP as a result. This serial phenomenon of a failing right ventricle that alters preload of the left ventricle is of great importance in the neonate. Ventricular interaction during pulmonary hypertension may also play a role in this [2] . In this study, left-ventricular dilatation was not seen during hypoxia. However, the right-ventricular dimension did increase. Increased pulmonary vascular resistance, pericardial constraint, and decreased compliance of the right ventricle may all contribute to decreased pulmonary blood flow, resulting in decreased preload on the left side. The neonatal myocardium is fairly non-compliant; working on high enddiastolic volumes. On the contrary, piglet hearts have been shown to have relatively similar compliance as adult swine [13] ; however, new data suggest that regulation of titin isoforms may play an important role in myocardial stiffening in the piglet heart as well [19] . Interestingly, the responses of the myocardium to oxygen deprivation do not The table shows the estimated marginal means of the tissue velocities on which hypoxia had a significant impact after correcting for the hemodynamic determinants in the multivariate linear mixed-model analyses. For all other tissue velocities, the multivariate correction accounted for all significant changes that were seen in the velocity parameters without correction
Values are mean ± SEM * p \ 0.05 compared with baseline; ** p \ 0.01 compared with baseline; p \ 0.05 compared with hypoxia; à p \ 0.01 compared with hypoxia. Post hoc analyses with Bonferroni correction were performed include decreased compliance of the heart; moreover, myocardial function decreases according to oxygen deprivation to preserve myocardial viability, which is in keeping with our data [8] . This demonstrates the unique nature of neonatal physiology; however, it does not undermine the importance of accurate measurements of ventricular function in this age group. The differences between the tricuspid annulus, the septum, and the MVA seen in this study may in part be explained by the differences in preload, afterload, compliance of the respective ventricles, and ventricular interaction.
Limitations
This study was limited by examining neonates in the first days of life, and extrapolation of the effects of correcting for ET to larger body sizes may not be appropriate.
Conclusion
ET-corrected systolic velocity decreased the variability and improved the accuracy of systolic tissue Doppler velocities for the evaluation of systolic longitudinal function and contractility during global hypoxia in newborn piglets. It was not influenced by hemodynamic parameters, age, and weight. The measurement had validity for both left lateral, septal, and right ventricular longitudinal function. The validity of relating systolic velocity to the ET as a measure of contractility should be further assessed before expanding these results to larger-sized individuals. ET-corrected systolic velocity is a fast and reliable method of addressing myocardial mechanics with the potential to improve clinical assessment of myocardial function.
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